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1.  Introduction 
The protection of natural lands is a continual struggle around the world as development pressure 
continues to push land conversion. Systems to prevent such conversion are in place or in process in 
many areas, protecting lands deemed important for any of several factors such as the ecological, 
aesthetic, or functional services provided by such lands. In many countries, these systems include 
numerous environmental groups purchasing land or development rights; local, state, and federal 
governmental programs managing development with endless combinations of growth management 
tools; and most importantly, a comprehensive and accessible database of temporal land cover data 
covering the entire country.  This data allows the first two groups to monitor land cover change in 
order to identify lands and ecosystems in need of protection, and then effectively implement 
programs to achieve this protection. In rapidly urbanizing countries, conversely, such data is not 
processed and distributed to the same degree. India, in particular, has experienced rapid 
urbanization since the mid 1990’s, but the impacts of this urbanization on natural lands and the 
ecosystem services they provide have not been studied sufficiently. Wetlands in India are especially 
vulnerable to the expansion of urban areas, and an understanding of the impacts of the last two 
decades of growth on wetlands is necessary to determine how these ecosystems can or should be 
protected over the next several decades. This study examines land cover change over time in the 
area around one coastal city, Chennai, in order to demonstrate a method for identifying the impacts 
of its development on nearby wetlands. I find that water bodies and wetlands around Chennai 
increased over a fifteen-year period as the city expanded. This increase is characterized by greater 
fragmentation during Chennai’s summer season, but greater aggregation of hydric areas during the 
monsoon season. These results have implications for the water quality of Chennai’s water supply 
and the ecological effects of the stormwater runoff produced from its development. 
India has urbanized rapidly since liberalization in 1991, at least, and arguably since the government 
shifted its focus to economic growth around 1980 (Kohli, 2007). This urbanization is driven by both 
rural to urban migration and natural population growth, and results in the conversion of rural and 
natural lands to urban land (Jiang, Young & Hardee, 2008). Over the past fifty years, the population 
of India has doubled, while the amount of urbanized area has increased by a factor of five 
(Taubenbock et al, 2009). The environmental impacts of this growth are documented on a case-by-
case basis, such as Pandit, Bhardwaj and Pareek’s (2009) study of the effects of urbanization on the 
water supply in Jaipur, or Ramachandra and Kumar’s (2008) examination of changes in the 
wetlands of Bangalore. A macro understanding of the environmental implications of growth, 
however, is restricted by a lack of data. In the U.S., the United States Geological Survey (USGS) 
created a National Land Cover Dataset from satellite remote sensing data free of charge to the 
public in 1992 and followed up with two more datasets in 2001 and 2006 (USGS, 2011).  While 
India does have a National Remote Sensing Centre that collects and distributes satellite data, 
managed by the Indian Space Research Organization (ISRO), a fee is charged for data acquisition 
and no consistently processed land cover dataset is available (ISRO, 2011). The Indian government 
and others with a role in influencing development of urban areas are therefore making decisions 
without full knowledge of the consequences of previous decisions and patterns of development. 
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One of the important consequences of development in India that has been identified, and the one 
this study will focus on, is a reduction in wetlands. Wetlands consist of swamps, marshes or similar 
lands that border between land and water and can include permanent or seasonal manmade and 
natural lakes. The ecosystem services provided by wetlands include filtration of sediments and 
nutrients from surface water, decay of organic matter, release of nitrogen and carbon into the 
atmosphere, habitat provision, and more broadly the maintenance of biological balance to sustain 
biodiversity (Ramachandra, Rajinikanth & Ranjini, 2005).  Benefits can be thought of as direct and 
indirect, with direct benefits including recreation, water supply and fishing and indirect benefits 
including flood control, storm protection and groundwater recharge (Ramachandra et al, 2005).  In 
coastal India, mangrove forests are the common type of wetland and provide a source of nutrients 
to nearby agriculture that some have explicitly valued (Hussain & Badola, 2008). While many have 
written on the importance of Indian wetlands, particularly along the coast, and their various 
contributions to environmental and economic systems, the lack of temporal land cover data has 
prevented a comprehensive analysis of wetland change. Ramachandra and Kumar identify the need 
to inventory, monitor and map wetlands on an ongoing basis in order to implement effective 
management strategies that will sustain them, and begin that process with their analysis of the 
wetlands of Bangalore in their 2008 study.  In this study, I perform a similar analysis around the 
coastal city of Chennai, given the particular sensitivity and importance of the coast, as a base for 
future work analyzing the entire Indian coast.  
This study begins with a closer look at the location chosen for analysis, Chennai, and the 
urbanization that has taken place there over the past twenty years, the period under examination. 
Since growth in this area took off after the 1991 liberalization policy, I inventory land cover from 
1991 to 2006 in order to capture the state of urbanization and wetlands before and after this 
growth. I then briefly explore the ecosystem services provided by wetlands and the literature 
describing the particular importance of wetlands to Chennai or other parts of India. Third, I explain 
the remote sensing data and classification approach used in the analysis and examine the approach 
of some other studies using similar methods in other areas.  
Landsat satellite data is used as the basis for the actual analysis and classified using the supervised 
maximum likelihood method to derive land cover maps for three dates and during two different 
months, January and August. The data used for analysis is limited by the availability of quality 
Landsat data for the chosen site, but I was able to obtain data for these two different months in 
some of the years and therefore classify land during both the monsoon and summer season in order 
to make the classification more robust. Following classification, I examine changes in the amount 
and spatial arrangement of various land cover types, and draw conclusions on the effects of 
urbanization on natural areas in Chennai.  
While this study only examines one small area of the Southern Indian coast, it sets the stage for a 
broader analysis of both the urbanization impacts on wetlands in this area and the drivers of those 
impacts. Such an analysis will help researchers and decision-makers to understand the mechanisms 
affecting these important natural resources, and to create a growth management strategy in 
response to prevent irreversible damage and loss of biodiversity.  
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2.  Context for the Study 
Concerns over the environmental impacts of development are not new, and planners must seek to 
address these concerns as collaborators in the design and implementation of growth management 
strategies. While such strategies are used widely, the speed and scale of development in India, as in 
many Asian countries, has outpaced attempts to limit environmental impacts. The development of 
Indian megacities and the corresponding changes in land use and land cover have led to significant 
negative ecological outcomes including increased greenhouse gas emissions, deterioration in air 
and water quality, climate alteration, increased disease, and a loss of biodiversity (Zhao et al, 2006). 
The loss of wetlands to development is one way in which water quality and biodiversity are 
threatened. Since wetlands are important to both clean water and rich biodiversity, among other 
goals, they are often prioritized in environmental protection efforts. The degree to which wetlands 
have been affected by development along the coast of India, however, is currently unknown.  
2.1 Urbanization in India 
While the more recent economic policies of India have resulted in unprecedented growth over the 
past two decades, the country had already been going through a process of urbanization for 
decades before 1990. Between 1955 and 1985, Indian urbanized land expanded by 1.5 million 
hectares, mostly through conversion of agricultural land (Zhao et al, 2006).  India’s urban 
population tripled over this period, as shown in Figure 1, and increased fivefold by 2000. Chennai’s 
average annual growth rate has been lower than that of other urban areas (25% vs. 36%), but is 
still consistent with that of the total population (23%). 
Figure 1: Population Growth, Normalized by 1951 Population 
 
Sources: Total/Urban Population, Haub & Sharma, 2006; Chennai Population, 
http://en.wikipedia.org/wiki/Tamil_Nadu 
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Urbanization is expected to continue over the next decade, with some predictions that developing 
countries like India and China will have ‘reached urbanization’ by 2019 (Jiang et al, 2008). This 
expected continuation of urban development onto agricultural or completely undeveloped land 
calls for a better understanding of the impacts of the urbanization that has already taken place. 
2.2 Impacts of Urbanization 
The direct area of urbanized land worldwide was only about two percent in 1994, leading some to 
question the extent of environmental impact resulting even from multiplication several times over 
of this area (Lambin et al, 2000). Urban-rural linkages, however, make changes in urbanized area 
significant when examining land cover change and its environmental impacts. These linkages 
include fragmentation of ecosystems from peri-urban development, greater impact from 
consumption of urban dwellers who tend to be less aware of their impact, and changes to wetlands 
within the watershed, to name a few (Lambin et al, 2000).  
The impacts of urbanization on wetlands tend to manifest in two ways in India. First, they are either 
drained to make way for development as cities expand, or converted to agriculture (Ramachandra, 
2008). In either case, their original biological functions and the ecosystem services they provided 
are lost.  Second, they may become permanent bodies of water or dry up due to changes in water 
flows resulting from urban runoff, dams, or other interferences in the drainage pattern that created 
the wetland. In this case, while development may not occur on the wetland itself, water quality and 
quantity are impacted through secondary effects. In the city of Bangalore, just west of Chennai, 
Ramachandra (2008) found that these two mechanisms have led to both a decrease in the number 
of water bodies and wetlands, and a significant water quality problem in remaining water bodies. 
These issues are attributed to insufficient stormwater management and land use controls.  
2.3 Chennai 
The city of Chennai, formerly called Madras, lies at the center of the 12,000 square kilometer 
coastal region chosen for analysis. The city itself, made up of five taluks, forms its own district in the 
State of Tamil Nadu, and covers about 200 square kilometers of coastal land. The full metropolitan 
area covers 1,200 square kilometers and contains 7 million people in 16 municipalities, 20 towns, 
and 214 villages, making it the fourth largest city in India (National Informatics Centre, 2011). Much 
of the recent growth in the metropolitan area has occurred outside of the city itself in peri-urban 
centers, and is therefore characterized by a lack of administrative capacity or growth planning 
(Dahiya, 2003). The decreasing rate of growth in Chennai City after 1971, seen on Figure 1, reflects 
this suburban growth trend. While the city contained 75% of the regional population in 1971, that 
share dropped to 62% by 2001 (Dowall & Monkkonen, 2008). Chennai is unique, however, because 
density in the city center has continued to increase significantly, even as low-density suburban 
growth has occurred on the periphery, giving it a lower density gradient than comparable cities 
(Dowall & Monkkonen, 2008). 
Chennai was the premier South Indian city in colonial India and has retained that status, as well as 
the legacy of colonial policy toward spatial development (Gopakumar, 2009). The city is shaped in a 
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half circle, with development focused along radiating transportation corridors away from the 
central city and port. Today, Chennai is a growing hub of the Information Technology and 
automobile sectors, leading some to call it “the Detroit of India” (Fackler, 2008).  It has attracted 
significant foreign direct investment, most landing on the city outskirts, such as the recent billion-
dollar Nissan plant built an hour from the city center (Fackler, 2008). Several distinct agencies play 
a role in the governance of Chennai and management of its development.  The city itself is governed 
by the Chennai City Corporation, while development is managed by the independent Chennai 
Development Metropolitan Authority (Corporation of Chennai, 2008). Regarding development, the 
former agency dictates and enforces building standards, while the latter is responsible for all other 
development controls. Water supply in the city and surrounding areas is handled by another 
autonomous agency created by the state of Tamil Nadu, called the Chennai Metropolitan Water 
Supply and Sewerage Board or Metrowater (Gopakumar, 2009). Outside the metropolitan 
boundary of the city, water is handled by the Tamil Nadu Water Supply and Drainage Board, which 
has struggled in its task due to the inability of smaller villages to pay for water services 
(Gopakumar, 2009). Water shortages are common both in and outside of Metrowater’s service area, 
however, as Chennai’s geographical location leaves it with short periods of rainfall and modest 
riparian systems (Gopakumar, 2009).  Both water shortages and flooding are major issues that have 
arisen with rapid development of the city, and are poorly managed by a complex set of overlapping 
state and city agencies. 
 
2.4 The Uses of Land Cover Classification 
Given the scale of land cover change occurring around the world, and the growing recognition of 
the environmental consequences, many governmental agencies, research organizations and 
academics have created land cover classification data over time to analyze this change. Land cover 
classification data is increasingly created from remote sensing satellite data given the falling price 
of data, improved quality of satellite imagery, and improved classification methods (Jantz, Goetz & 
Jantz, 2005). Satellite series collecting data over time include ASTER, LANDSAT, and MODIS from 
the USGS, and the Indian Remote Sensing (IRS) series in India. The resolution and quality of data 
vary by satellite and over time. Landsat series imagery are used most often because the series is the 
longest continuous collection of medium-resolution imagery, having begun in the 1970’s and 
continuing today (USGS, 2011).  Seven satellites have been launched, collecting data at a resolution 
of 60 meters originally and 30 meters today, with seven spectral bands. While higher resolution 
data is more useful for detailed examination of small areas, Landsat data is appropriate for the 
study of larger areas over time. 
2.4.1 Types of Classification 
There are many approaches to land cover classification, and the goal of the analyst influences the 
results obtained. Two groups of analyses pertinent to this study are those emphasizing 
urbanization over time, and those focusing on wetland delineation. Tatem and Hay (2004) reviewed 
studies focusing on urbanization, and explain the difficulty of classifying urban areas because of 
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their heterogeneity. Classification methods are generally divided into supervised and unsupervised 
methods, both of which rely on spectral signatures of the remotely sensed data. Spectral signatures 
consist of wavelengths reflected from a particular material within each band of wavelengths 
captured from the satellite (Short, 2011). For each band, each pixel is assigned a Digital Number 
(DN), usually from 0 to 255, which characterizes the pixel in that band (Short, 2011). While certain 
materials may have similar signatures within one band, they may differ within another, so the 
combination of signatures in the form of DNs from several bands are useful to distinguish land 
cover types. Certain bands are also known to have distinct signatures for particular materials; 
Landsat bands 2 and 3 are useful to distinguish water from dark surfaces like asphalt, band 4 is 
distinct for foliage, and band 5 helps to distinguish soil moisture content (Lunetta & Balogh, 1999). 
Supervised and unsupervised classification both rely on the identification of signature clusters 
within an image. Clusters are groups of pixels with similar DNs in several bands. In unsupervised 
classification, clusters are automatically identified within an image, and then each pixel is compared 
to those clusters and classified to whatever cluster it is closest to (Short, 2011). The analyst then 
examines the clusters identified and assigns them a land cover type. In supervised classification, 
alternatively, the analyst first identifies areas of known land cover type and designates them as 
training sites. Classification then proceeds the same way using those chosen sites rather than 
clusters based on the distribution of the data. It is thus crucial with the latter method that training 
sites with distinct spectral signatures are chosen; otherwise, classification results can show 
excessive ‘noise’, jumping back and forth between categories that should cover larger areas, like 
water and urbanized areas. 
2.4.2 Classification of Urbanized Areas 
The nature of classification, driven by clusters of spectral signatures, explains the difficulty of 
classifying urban areas. While significant water and forest features are consistent over a 30 x 30 m 
square, the size of a Landsat pixel, urban areas vary within each pixel and are such a mixture of 
surfaces that they do not display clear, consistent signatures (Tatem & Hay, 2004). Since the 
signatures of pixels in urban areas show such variety, it is difficult to designate a distinct signature 
cluster for that cover type in supervised classification, or common that urban areas may show up as 
a mixture of other land types in unsupervised classification. Most supervised and unsupervised 
methods, like the most commonly used Maximum Likelihood supervised method, rely on a normal 
distribution of signature data that is not exhibited in urban areas (Tatem & Hay, 2004).  
Given these constraints, classification of urban areas is more accurately done with newer methods 
than traditional supervised and unsupervised approaches, like Isocluster unsupervised 
classification or Maximum Likelihood supervised classification. Neural networks and support 
vector machines are two approaches that do not rely on the normal distribution assumption, and 
subpixel approaches using mixture models may help to account for the variability within one pixel 
often encountered in urban areas (Tatem & Hay, 2004). Another approach gaining popularity is the 
addition of ancillary data; GIS datasets, such as the Digital Elevation Model or polygon shapefiles of 
soils, roads, and census areas can increase accuracy (Weng, 2010).  
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Other pre and post-classification methods can increase overall accuracy, not just that of urbanized 
areas. Pre-classification tools include geometric correction and georegistration to place data 
geographically and allow use of ancillary data, atmospheric correction to allow comparison over 
time under different conditions, topographic correction to allow interpretation of mountainous 
areas where shade affects vegetative reflectance, and image enhancement to adjust DNs in order to 
make data more useful for classification (Weng, 2010). A common post-classification technique is 
filtering of classified categories to reduce noise. Finally, the use of data from multiple dates during 
each year examined as part of a multi-temporal classification, usually during leaf-on and leaf-off 
seasons, helps to capture areas that vary significantly over the course of a year, like wetlands.  
2.4.3 Classification of Wetlands  
Wetlands are another category particularly difficult to capture in traditional classification 
approaches, because they can vary over time and include a mix of forest, water, grasslands or other 
features. Given the importance of wetlands previously discussed, however, several studies have 
attempted to examine their change over time in different areas. Lunetta and Balogh (1999) 
identified wetlands in Maryland and Delaware using one-date and two-date Landsat data around 
1987 to complement existing National Wetland Inventory (NWI) maps of the area. They used a 
combination of classification methods for the study, first identifying clusters corresponding to 
spectral categories with unsupervised classification, and then assigning each pixel to a category 
with the maximum likelihood classifier to create an initial land cover map based on early spring 
leaf-on data.  For the two –date approach, the leaf-off data was used with a rule-based classification 
to specify hydric and non-hydric areas, and create a more sophisticated classification. Error-
checking revealed the two-date, rule-based classification approach to be 88% accurate in 
identifying inland wetlands, while the traditional single-date approach was only 69% accurate. The 
limitations of the study reflect common challenges faced with remote satellite imagery analysis. 
These include a lack of data sufficient to demonstrate the duration of wetland inundation, due to 
the low revisit frequency of a Landsat Satellite (16 days), and the 30-meter resolution of the data, 
limiting mapping resolution. 
In another land cover study, Jantz, Goetz and Jantz (2005) examined land change from 1990 to 
2000 in the Chesapeake Bay watershed in order to determine the impacts of development on 
natural lands including wetlands. They used Landsat data for the analysis, and classified the data 
with a supervised decision-tree algorithm, a method that allows the user to select variables that 
most accurately explain the data, and then classify through a series of binary decisions. The results 
of this classification are compared to the Multi-Resolution Land Cover (MRLC) dataset created by 
the USGS, which itself is based on an unsupervised classification in combination with ancillary data, 
particularly the NWI. Jantz et al found that their classification was consistent with MRLC for forest 
and agriculture classes, but included 30% more wetlands. This finding confirms their conclusion 
that wetlands, especially forested wetlands, are the most difficult resource land to map with remote 
sensing data, but a range of values conservatively estimating wetland loss were successfully 
created.  
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Other studies have examined change over longer periods, to complement one-date or shorter-term 
data sources like the U.S. National Oceanic and Atmospheric Administration’s Coastal Change and 
Analysis Program (CCAP), which mapped land cover change with Landsat data from 1995 to 2006. 
Spruce et al (2010) built on that program with a study of Mobile Bay in the Gulf of Mexico 
quantifying land cover change from 1974 to 2008. They also used a combination of methods, 
beginning with an Isodata unsupervised classification followed by a rule-based technique combined 
with masking, to take advantage of knowledge from existing sources like CCAP. Accuracies of the 
resulting 5-date data series ranged from 83% to 89%, and results showed that urban areas had 
been expanded significantly through encroachment on forest and agricultural lands. They also 
found that non-woody wetlands decreased over time, while woody wetlands increased slightly, 
confirming the complicated relationship between urbanization and wetlands. 
Closer to the site of this study, Ramachandra and Kumar (2008) examined the wetlands of 
Bangalore, India using a similar combination of methods to the other studies described, and found 
significant destruction to lakes and wetlands from urbanization in that area. Between 1973 and 
2007, they identified a nearly fivefold increase in urbanized area, resulting in a reduction in water 
bodies and vegetation, increased peak discharge of stormwater runoff and associated increased 
frequency of flooding events, and an urban heat island effect. The wetlands of the area decreased 
58% over the period, dropping in both number and area. Verification of these results was done 
through field visits and comparison to Google Earth imagery, indicating an accuracy of 91%. The 
intense urbanization of Bangalore is attributed to state policies focusing development on the area, 
but the study also notes that city authorities have restored some lost lakes for recreation and water 
supply purposes. Others have been reduced due to the encroachment of illegal buildings, however, 
or the locating of dumping yards or slums on catchment areas. These have changed stormwater 
flow patterns, altering flow to those lakes, and led to decreasing groundwater levels below the 
surface. The authors recommend a comprehensive approach to resource management as a result of 
the study, as an alternative to the current growth system characterized by decentralized 
government and a lack of enforcement of environmental regulations.  
These examples demonstrate that despite the difficulty of identifying wetlands with remote sensing 
data, growing research and improved methods have made such identification possible with 
reasonable accuracy.  While unsupervised clustering is the most common computer classification 
method and the maximum likelihood classifier is the most common supervised method, fuzzy, 
subpixel, and spectral mixture methods can provide more detailed and accurate information and a 
hybrid multi-temporal approach has become the norm (Ozsemi & Bauer, 2002). Wetland 
identification with Landsat , or similar, satellite data is limited by resolution and data quality, and 
thus cannot replace detailed inventories done from field sites studies or aerial photography, but is a 
useful tool to complement such targeted inventories with ongoing large-scale monitoring (Ozsemi 
& Bauer, 2002). Such monitoring helps to identify areas that should be more closely examined with 
other techniques, and provides the scale to create land change models identifying the drivers of 
wetland change. 
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3.  Methods 
This section will describe the methods used to classify land cover in the region surrounding 
Chennai over time and characterize changes to wetlands and other environmental lands caused by 
urbanization in the area. I will first explain the motivation for the site selection, then describe the 
data used and approach taken to derive land cover from this data, and finally detail the process of 
examining change based on the resulting classification. 
3.1 Site Selection 
This study is intended as a starting point for further research identifying land cover change, and the 
drivers of that change, along the coasts of India and China. The focus of the study extent, Chennai 
City (See Figure 2), was therefore chosen as a primary example of the environmental effects of 
urbanization in this region because of its location along the Indian coast, rapid development over 
recent decades, and proximity to wetlands.  
Figure 2: Study Area Location 
 
Sources: GADM V. 1.0, Digital Chart of the World. Downloaded from DIVA-GIS. 
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As stated previously, Chennai’s unique growth pattern includes significant population growth and 
industrialization in several smaller rural settlements west of the city, resulting in 32 peri-urban 
centers in the Chennai Metropolitan Area today (Dahiya, 2003). This development pattern allows 
comparison of the urban expansion pattern of several settlements of a variety of sizes, including 
Chennai itself, as well as of changes in wetlands and water bodies near these developed areas. 
Figure 2 shows towns in the study area represented by population size. These towns were divided 
in to ‘small’ and ‘medium’ categories based on population (See Figure 7 in Section 4. Results), and 
compared to each other and Chennai city.  
The study area’s geographic location results in a unique climate, characterized by a concentrated 
period of rainfall and long dry season. Precipitation occurs mainly between October and December 
during the monsoon season, and tends to overwhelm reservoir infrastructure during that period 
(Gopakumar, 2009).  Flooding results and has been exacerbated by urbanization, while droughts 
are often experienced during the city’s summer, around May (Gopakumar, 2009). Figure 3 shows 
the major water, forest, and other natural features of the area. While the Palar River lies to the 
South, and the smaller Cooum and Adyar Rivers weave through the city itself, major estuarine 
systems are 500 km and 200 km to the north and south of the city respectively, leaving it reliant on 
surface bodies and groundwater (Gopakumar, 2009).  The Red Hills Reservoir, 
Chembarrambakkam Tank, and Poondi Reservoir shown on Figure 3, along with a string of aquifers 
to the North of the city, provide the critical source of water and are replenished by the winter 
monsoon, but are susceptible to evaporation in the summer (Gopakumar, 2009). A close 
examination of the number, size, and shape of surface water bodies constitutes an important part of 
the analysis, given the city’s reliance on the supply and quality of surface water resources.  
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Figure 3: Natural Features of the Study Area 
 
Sources: GADM V. 1.0, Digital Chart of the World. Downloaded from DIVA-GIS; OpenStreetMap. Downloaded from 
CloudMade; World Wildlife Fund. 
12 
 
3.2 Remote Sensing Data 
NASA’s Landsat Thematic Mapper (TM) satellite series provided the data for this study, with data 
coming from both the Landsat 5 TM satellite and the Landsat 7 Enhanced Thematic Mapper Plus 
(ETM+) satellite. The Landsat series has recorded multispectral data of the site for over 35 years, 
and thus allowed the longest study period of the potential data sources considered. The specific 
data points chosen, however, were limited by data quality and cloud cover. Landsat data has 
improved with each mission, so useful images are more difficult to find from earlier sensors. 
Landsat 7 also presents difficulties, as the satellite’s Scan Line Corrector (SLC) failed in 2003. The 
satellite continues to operate, but the scenes produced without the SLC are missing data, especially 
at scene edges. For this study, I chose not to use Landsat 7 data after 2003 to avoid the issue, and 
similarly chose sites with as little cloud cover as possible to avoid extra pre-processing 
requirements. With these constraints imposed, I chose the following four scenes for the analysis, 
which vary over time but are consistent in geographic scene location. This one geographic scene 
contains the entirety of the chosen study area. 
Table 1: Description of Data Sources 
Satellite Year Day Cloud Cover Quality Scene Identifier 
Global Land Survey 1991 August 25th 0% N/A P142R051_5X19910825 
Landsat 7 ETM+ 2000 January 30th 0% 9 LE71420512000030SGS00 
Landsat 5 TM 2006 February 7th 1% 7 LT51420512006038BKT00 
Landsat 5 TM 2006 August 18th 2% 7 LT51420512006230BKT00 
All Scenes: Row 142, Path 51 
Source: USGS Global Visualization Viewer 
All of the scenes selected are USGS Landsat scenes, processed with  the Standard Terrain Correction 
(Level 1T), which includes radiometric and geometric correction using Digital Elevation Model 
ground control points to ensure topographic accuracy (USGS, 2011). Further pre-processing of the 
data was not done before classification. 
These four scenes allowed comparison from 1991 to 2006 during two different seasons. I first 
examined change over the entire period using August data for all land cover types and all data to 
compare changes in urbanized areas. I then compared February of 2006 and August of 2006 to 
identify the extent of the differential size of lakes and wetlands between the monsoon and summer 
seasons, and cross-check land cover types not affected by season, including urbanized and forest 
lands. Finally, I compare January of 2000 to February of 2006 to identify change in all land types 
over that period, and to understand wetland changes over time from monsoon season data. 
Ideally, I would have compared data over the full period during the same season. Despite the data 
limitations preventing that, the data available through the Landsat series still allowed comparison 
over 15 years through an aggregation of several distinct comparisons. 
3.3 Classification Approach 
Once downloaded from the USGS Global Visualization Viewer, the data were imported into ENVI 
software for classification. A Maximum Likelihood supervised classification was used for several 
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reasons. First, this is traditionally the most commonly used supervised method, as mentioned 
previously. Many studies have produced reasonable results using it, based on error-checking 
analyses.  Second, this method allows user calibration of classification categories to each scene, so 
that differences in scene quality or weather conditions can be worked around. Third, the method is 
straightforward to conduct and does not rely on external data sources, which were unavailable for 
this work.  
Throughout the classification process, aerial photographs from Google Earth software were used to 
confirm results by observation. The last date, in August of 2006, was classified first so that the 
current photographic imagery would most closely resemble the scene considered. Initially, several 
prominent features were identified in Google Earth and then designated as training sites for five 
basic classes of land cover: Urban, Agriculture, Lake, Wetland, and Forest. The maximum likelihood 
method was run with these training sites, and the results compared to the aerial photography. 
Areas of disagreement were identified, along with the need for more classes. Training sites were 
chosen for the missing classes, making use of the aerial photography again, and the process was re-
run. Several iterations were completed on the scene, adjusting the number of classes and the 
selected training sites for those classes. No probability threshold was used, so that all pixels were 
classified.  Iterations were stopped once the results converged and approximated the aerial image 
to the user’s satisfaction. As training sites and classes were adjusted, their spectral signatures were 
monitored to ensure classes were sufficiently differentiated by signature. Bands 2, 3, 4, 5, and 7 
were used for analysis. Figure 4 shows the resulting classes and the categories into which they are 
grouped in the results section. Several classes were sometimes used to capture land cover 
categories with significant variation in spectral signatures, such as the varying signatures produced 
by water bodies of different depths. 
Figure 4: Classes Used in Analysis and their Corresponding Land Cover 
Urban  Urban 
Light Urban  Light Urban 
Forest  Forest 
Shrubland  Shrubland 
Lake   
Shallow Lake  
Water 
Estuarine  
Shallow Water   
Wetland  Wetland 
Agriculture   
Agriculture 2  Agriculture 
Agriculture 3   
Barren  Barren 
Ocean   
Coastline Water  Removed 
Clouds   
 
Once classification of the August, 2006 image was completed, the sites chosen for that scene were 
recreated in the same locations and the same iterative process used on each of the other scenes. 
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While new classes were not added (with the exception of the ‘Clouds’ class, which was only 
required for January of 2000), training sites were adjusted to each scene. These adjustments 
ensured each respective category was appropriately represented by the chosen site at different 
points in time. 
Once classification of all scenes was completed, similar classes were aggregated, as shown in Figure 
4, so that comparisons of relevant categories could be made. The area of land in each category was 
summarized for each scene. Finally, subsets of the total scenes were summarized by category area 
for urban and water features. 
3.4 Spatial Characterization of Change 
After classifying the data and comparing the change in area of various land cover categories, a 
spatial analysis was done using Fragstats software. In particular, metrics describing the complexity 
and clumpiness of developed land patches were calculated for the City of Chennai. Metrics were 
calculated for the city extent alone, and then concentric rings surrounding the city. Ring metrics, as 
opposed to metrics describing the full metropolitan extent, capture shifting trends at varying 
distances from the city center as that dense center expands outward over time (Seto & Fragkias, 
2005). Rings were designated from 0 to 3, 3 to 10, and 10 to 20 kilometers from the city boundary. 
The spatial extent of these rings overlaid on maps of developed land is shown in Figure 8 in Section 
4.2.1 for visual clarification. 
Metrics were chosen to describe the density, fragmentation, and complexity of developed land in 
the city of Chennai, similar to the studies of Seto and Fragkias (2005) and Schneider and Woodcock 
(2008).  A subset of metrics were also used to examine density and fragmentation of water areas 
around Chennai.  Table 2 summarizes the metrics and their application. 
Table 2: Metrics Selected to Describe the Spatial Development of Greater Chennai 
Metric Significance 
Land Cover Application 
Developed Water 
Density Normalized extent of  area X X 
Number of Patches Extent of fragmentation X X 
Patch Density Normalized extent of fragmentation X X 
Mean Patch Size Relative growth of new and existing urban 
centers 
X X 
Coefficient of Variation Relative patch variability X  
Largest Patch Index Proportion of area comprised of the largest 
patch (0< X < 1) 
X  
Fractal Dimension Complexity of patch shapes; Increases with 
complexity (1 < X < 2) 
X  
Edge Density Edge of class area relative to the landscape; 
Increases with new nuclei 
X  
Normalized Landscape 
Shape Index 
Clumpiness or aggregation of class area; 
Increases with disaggregation (0< X < 1) 
X  
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For comparison of the spatial growth of urban areas of varying size, metrics were also calculated for 
the small and medium towns examined in the classification. Metrics were again computed 
independently for the center of these towns and concentric rings around them. Upon examination, 
however, the results were not usefully differentiated between towns of different sizes, and were not 
comparable to the Chennai results. The developed area of these towns was too small, and the 
potential for inaccuracy in surrounding areas greater given their relatively low density and 
proximity to agricultural lands. The results of spatial characterization are therefore contained to 
those of Greater Chennai, which still allow useful comparisons between rings and across time.  
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4.  Results 
4.1 Results of the Classification 
The classification results of each of the four scenes were both summarized in whole and subdivided 
for further analysis in several ways. Subsets were extracted for Greater Chennai, several small and 
medium towns, and water features. A breakdown of land cover categories was then examined for 
each of these subsets, as well as the full study area, allowing comparisons across time and season in 
areas of interest.  
4.1.1 Classification Comparisons of the Full Study Area  
The ENVI classification method used to classify each of the scenes originally contained fifteen land 
cover classes, chosen to represent the range of clusters represented in the data. A full summary of 
land cover found for all fifteen classes, broken down by the subsets included throughout this 
section, is available in the Appendix. For this analysis, these classes were recombined into eight 
more useful categories, defined in Table 3.  
Table 3: Land Cover Classes 
U Urban F Forest Wa Water A Agriculture 
L Light Urban S Shrubland We Wetland B Barren 
 
The area of each land cover category found for each scene is shown in Table 4 for the full study 
area. Since these scenes capture data from different seasons, they are not comparable across all 
categories. It is useful, however, to examine developed land across all scenes in both Urban and 
Light Urban categories, and to visually examine scenes in order to get a sense of the overall 
comparability of the classifications 
Table 4: Classification Results of Full Scenes, Comparison of Urbanized Areas (km2) 
 
Land Cover Category % 
Developed   U LU F S Wa We A B Total 
August, 1991 112 779 809 1120 756 217 6721 1548 12061 7 
January, 2000 263 467 1287 807 978 1027 2969 4069 11866 6 
February, 2006 138 794 678 646 1020 1698 3923 3165 12061 8 
August, 2006 174 1328 1554 595 1005 341 5130 1932 12060 12 
 
Neither Urban land nor Light Urban land increase consistently over time as expected. A steady 
increase in total developed land is seen when omitting January of 2000, but the significant increase 
from February of 2006 to August of 2006 is improbable.  These discrepancies indicate that season 
may affect the classification of Urban and Light Urban land. A visual examination of the four 
classified scenes, as shown in Figure 5 below, shows several differences in other categories that are 
reinforced by the values in Table 4.  
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Figure 5: Results of the Maximum Likelihood Classification 
a) August, 1991    b) January, 2000 
 
c) August, 2006 d) February, 2006 
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The columns in Figure 5 show scenes of the same season, and scenes are ordered sequentially in the 
clockwise direction.  Several seasonal differences are apparent. First, classification of monsoon 
season scenes (b & d) produced a greater proportion of area in wetland and barren land categories, 
and a slightly higher proportion of area in the water category.  Summer season scenes (a & c), 
conversely, were classified with a greater proportion of agricultural land. The greater areas of 
wetlands and water categories observed during the monsoon season are expected, and confirm the 
relative accuracy of those categories. The greater amount of barren land in the monsoon season and 
agricultural land in the summer season may be attributed to the timing of the harvest. Harvesting 
typically occurs during the monsoon season, and may have resulted in agricultural land being 
classified as barren land if it happened before the chosen scenes were produced.  
Several unexpected results are also apparent. January of 2000 shows a significant proportion of 
shrubland, while February of 2006 is dominated by the barren land category.  These categories, 
which are both less pronounced in the summer season scenes, are difficult to distinguish and are 
probably both capturing a significant amount of harvested agricultural land. Finally, while 
developed land appears to increase sequentially upon visual inspection around Chennai, 
significantly more land is classified as developed in the summer season scenes. This is especially 
true of the Light Urban category, which is prominently scattered throughout the southern half of 
the summer season scenes. 
Table 5 and Table 6 below show a comparison of summer season and wet season land cover 
categories respectively, as a percentage of total land area. 
Table 5: Temporal Comparison of Summer Season Classification (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
August, 1991 1 6 7 9 6 2 56 13 100 
August, 2006 1 11 13 5 8 3 43 16 100 
Percentage Change 56 70 92 -47 33 57 -24 25 
 
Developed land increased in the summer season comparison from 1991 to 2006 as expected. In 
particular, this comparison shows Light Urban land increasing faster than dense Urban land, which 
confirms Dowall and Monkkonen’s finding that low-density expansion is occurring faster than high-
density expansion in Chennai. Forested land cover almost doubled over the period in the summer 
season classification, as did wetland and water cover. Yet in the wet season classification 
comparison from 2000 to 2006 shown in Table 6, corresponding to the last 6 years of the summer 
season classification, both Forest and Shrubland categories drop. In another discrepancy, 
agriculture is shown to decrease over the full period based on the summer season but shows an 
increase in the wet season comparison. The literature (See Ramachandra & Kumar, 2008 and Zhao 
et al, 2006) supports the finding of an overall drop in agricultural land over the period due to 
urbanization, so the increase seen in the wet season results may arise from the misclassification of 
another category. The Agricultural, Wetland, Shrubland, Barren and Light Urban land cover 
categories were all difficult to distinguish. 
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Table 6: Temporal Comparison of Monsoon Season Classification (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
January, 2000 2 4 11 7 8 9 25 34 100 
February, 2006 1 7 6 5 8 14 33 26 100 
Percentage Change -48 70 -47 -20 4 65 32 -22 
 
4.1.2 Classification Comparisons of Urbanized Areas 
Several data subsets were extracted from the full study area in order to compare land cover and 
land cover change in and around urban areas without the ‘noise’ of the full data. First, the extent of 
Chennai City with a 20 kilometer buffer was clipped from the full data for closer examination. Next, 
several towns located in the study area were extracted with a 10 kilometer buffer and grouped by 
Class (per the Census of India) to provide insight into the growth patterns of small and medium 
towns. 
4.1.2.1 Greater Chennai 
When examining Chennai and its surrounds without data from the full region, as shown in Table 7, 
developed land shows a continual increase over time. A large jump in Light Urban land still appears 
between February and August of 2006, while Urban land actually drops over the period. This 
indicates that some Urban land is likely classified as Light Urban in August of 2006, and some other 
categories may also be misclassified into this category. Forested land cover within this area is 
significantly higher in August of 2006 than February of 2006, or any other period, which is unlikely 
to be correct. 
Table 7: Classification Results of Greater Chennai1 (km2) 
 
Land Cover Category % 
Developed   U LU F S Wa We A B Total 
August, 1991 49 180 87 165 65 37 937 105 1625 14 
January, 2000 76 234 114 101 136 98 787 15 1562 20 
February, 2006 91 338 37 78 130 179 518 254 1625 26 
August, 2006 68 415 267 81 54 85 580 74 1624 30 
1Greater Chennai includes the political boundary of the city (5 taluks) buffered by 20 km 
Agricultural land near Chennai shows a steady drop from 1991 to 2006, and is similar in scale in the 
two 2006 scenes, reinforcing the conversion of agricultural land near urban areas to developed 
land. Figure 6 below shows the spatial distribution of each category over time in this region. 
Notably, development encroachment is apparent around the Pallikaranai Marsh south of the city 
(shown most clearly on Figure 6a), a wetland that has inspired a consortium of NGO’s to act for its 
protection in the www.nammapallikaranai.org initiative, among other groups (TNN, 2011).  
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Figure 6: Results of the Classification in Greater Chennai  
a) August, 1991    b) January, 2000 
 
 
c) August, 2006 d) February, 2006 
Pallikaranai 
Marsh 
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Trends in this region are generally consistent between the summer season and monsoon season 
comparisons, as shown on Table 8 and Table 9, except for Forest and Barren land cover categories. 
Wetlands show an increasing trend, while shrubland and agriculture show decreasing trends. There 
is some overlap between water and wetland categories, so some of the increase in wetlands may 
actually derive from an increase in manmade lakes. Puzhal Lake northwest of the city, for example, 
appears as a wetland in August of 2006, perhaps because of a particularly dry season.  
Table 8: Summer Season Temporal Comparison of Greater Chennai (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
August, 1991 3 11 5 10 4 2 58 6 100 
August, 2006 4 26 16 5 3 5 36 5 100 
Percentage Change 40 130 209 -51 -18 130 -38 -30 
  
Table 9: Monsoon Season Temporal Comparison of Greater Chennai (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
January, 2000 5 15 7 6 9 6 50 1 100 
February, 2006 6 21 2 5 8 11 32 16 100 
Percentage Change 15 39 -69 -26 -9 75 -37 1498 
  
4.1.2.2 Medium and Small Towns 
The towns chosen for analysis were driven by the availability of GIS data designating town 
locations. The eight towns included within the study area from were divided evenly into small and 
medium designations based on their Class in the 2001 Census of India. Class IV and V towns were 
classified as small, while class II and III towns were classified as medium. A visual examination of 
town locations overlaid on the raster classification files was compared to Google Earth to confirm 
their approximate accuracy. Towns are mapped with a 10 kilometer buffer. The four medium towns 
and four small towns were split, and results of the land cover breakdown are aggregated for each 
group in the following tables. 
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Figure 7: Small and Medium Towns used in the Analysis
                   
Source: GADM V. 1.0, Digital Chart of the World. Downloaded from DIVA-GIS. 
 
Table 10: Classification Results of Buffered Medium Towns1 (km2) 
 
Land Cover Category % 
Developed   U LU F S Wa We A B Total 
August, 1991 2 88 10 127 26 8 798 190 1248 7 
January, 2000 24 30 84 78 58 120 345 489 1228 4 
February, 2006 3 57 5 54 55 268 463 343 1248 5 
August, 2006 13 128 96 33 79 12 637 251 1248 11 
1Places obtained from OpenSourceMap were buffered by 10 km. Medium Towns are defined as Class II or III per 
the 2001 Census of India 
While a continuous increasing trend in Light Urban area is not apparent in the full data (See Table 
10), developed area does show an increase of 46% over the full time period (See Table 11) and 
almost doubles from 2000 to 2006 in the monsoon season data (See Table 12), which shows lower 
absolute developed area than summer season data. While wetlands are insignificant in summer 
season data, water areas increase by a factor of 3, and wetland areas similarly increase by over 
100% in monsoon season data. 
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Table 11: Summer Season Temporal Comparison of Buffered Medium Towns (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
August, 1991 0 7 1 10 2 1 64 15 100 
August, 2006 1 10 8 3 6 1 51 20 100 
Percentage Change 668 46 899 -74 200 55 -20 32 
  
Table 12: Monsoon Season Temporal Comparison of Buffered Medium Towns (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
January, 2000 2 2 7 6 5 10 28 40 100 
February, 2006 0 5 0 4 4 21 37 27 100 
Percentage Change -87 90 -94 -31 -6 119 32 -31 
  
Small towns showed several similar trends to the medium towns, per Table 13 and Table 14 below. 
Developed land, mostly Light Urban increases across the full period in the summer season and the 
last 6 years in the monsoon season, but does not show a consistent increase across all data. 
Wetlands and water areas increase as well, but to a lesser degree. Agricultural and Barren lands 
show an inverse trend in the monsoon and summer seasons, and are found to be similar 
proportions of the total land cover as those categories in areas around medium towns. 
Table 13: Classification Results of Buffered Small Towns1 (km2) 
 
Land Cover Category % 
Developed   U LU F S Wa We A B Total 
August, 1991 5 86 76 111 61 13 610 214 1176 8 
January, 2000 23 22 136 63 65 125 217 479 1131 4 
February, 2006 4 56 74 67 84 140 356 395 1176 5 
August, 2006 15 93 157 69 82 17 485 257 1176 9 
1Places obtained from OpenSourceMap were buffered by 10 km. Small Towns are defined as Class IV or V per the 
2001 Census of India 
Table 14: Summer Season Temporal Comparison of Buffered Small Towns (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
August, 1991 0 7 6 9 5 1 52 18 100 
August, 2006 1 8 13 6 7 1 41 22 100 
Percentage Change 185 8 107 -38 35 32 -20 20 
  
Table 15: Monsoon Season Temporal Comparison of Buffered Small Towns (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
January, 2000 2 2 12 6 6 11 19 42 100 
February, 2006 0 5 6 6 7 12 30 34 100 
Percentage Change -84 148 -47 2 24 8 58 -21 
 
24 
 
4.1.3 Classification Comparisons of Water Bodies 
After examining urban areas more closely, water bodies were also extracted for targeted analysis. A 
shapefile of water features (OpenStreetMap data obtained from CloudMade) was buffered by one 
kilometer on each side, and then used to extract data from each of the scenes. The results are 
summarized in Table 16, Table 17, and Table 18 below.  While water areas stay constant seasonally, 
wetland areas increase during both the monsoon and summer seasons around those water bodies. 
Agricultural and Barren land categories again show opposite seasonal trends around 30%.  Light 
Urban land around water bodies increases over both comparisons, consistent with Ramachandra 
and Kumar’s findings in Bangalore that development is clustering around water bodies as water 
resources become more scarce (2008).   
Table 16: Classification Results of Buffered Water Bodies1 (km2) 
 
Land Cover Category % Water & 
Wetland   U LU F S Wa We A B Total 
August, 1991 42 181 84 216 488 117 1289 251 2667 23 
January, 2000 70 172 165 152 551 215 615 686 2626 29 
February, 2006 61 272 39 99 560 328 820 489 2667 33 
August, 2006 69 413 273 120 477 187 816 310 2666 25 
1Water Bodies from OpenSourceMap were buffered by 1 km 
Table 17: Summer Season Temporal Comparison of Buffered Water Bodies (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
August, 1991 2 7 3 8 18 4 48 9 100 
August, 2006 3 16 10 5 18 7 31 12 100 
Percentage Change 64 128 226 -44 -2 60 -37 24 
  
Table 18: Monsoon Season Temporal Comparison of Buffered Water Bodies (% of Total) 
 
Land Cover Category 
  U LU F S Wa We A B Total 
January, 2000 3 7 6 6 21 8 23 26 100 
February, 2006 2 10 1 4 21 12 31 18 100 
Percentage Change -14 55 -77 -36 0 50 31 -30 
  
4.2 Error Checking 
Many unexpected results have been found in this analysis, such as decreasing developed area over 
time or significant differences in forested areas between two dates in 2006. Yet the lack of spatial 
data covering India available for the study, particularly temporal spatial data, prevents a thorough 
error analysis. Despite this limitation, some data was available and used to check certain land cover 
classes where possible. Forest cover and water body shapefiles (OpenStreetMap data obtained from 
CloudMade) were overlaid on all scenes to identify the agreement between those shapefiles and the 
classification done in this analysis. The results are shown in Table 19 and Table 20 below. Since 
25 
 
these shapefiles represent known geographic features in the present day, they were only used to 
check 2006 data. 
Table 19: Classification Agreement with Current Forested Areas Shapefile (km2) 
 
Land Cover Category % 
Matched   U LU F S Wa We A B Total 
February, 2006 0 7 370 52 3 7 50 36 526 80 
August, 2006 0 39 261 44 3 22 138 18 526 58 
 
Table 20: Classification Agreement with Water Bodies Shapefile (km2) 
 
Land Cover Category % 
Matched   U LU F S Wa We A B Total 
February, 2006 1 2 0 0 47 38 30 2 121 70 
August, 2006 4 20 8 3 16 41 26 4 121 47 
 
Both forest and water data showed higher agreement with monsoon season classification results, at 
80% and 70% agreement respectively. Summer season land cover showed about 50% agreement 
with the external data. Where errors of omission occurred in the forest or water classes, the 
majority of land cover area was classified as Agriculture. This confirms the difficulty of 
distinguishing Agriculture from many other categories including wetlands. The August, 2006 
classification of water bodies also confirms an earlier finding. Since 41% of land was classified as 
wetland while 16% is classified as water, it is likely that lakes and other water bodies dry up 
enough during the summer season to appear, and act, as wetlands.  
4.2 Spatial Pattern of Development in Greater Chennai 
To further understand the trends in land cover change, temporal spatial patterns were examined in 
Chennai and a 20-kilometer buffer area around it (termed ‘Greater Chennai’). For this analysis, 
classes were further aggregated to represent the following broader land cover categories: 
developed, agriculture, water, forest and barren land. 
4.2.1 Spatial Trends of Developed Land in Chennai 
Developed land (urban and light urban) in Greater Chennai continually increased over time, as 
shown in Figure 8 and described previously. Figure 8 reveals the spatial characteristics of that 
growth, delineated by concentric rings to emphasize progressive changes from the center to the 
periphery of the city. Two transportation corridors radiating from the center city are evident in the 
1990 image, which expand to four corridors by 2006. These corridors of development follow four 
major highways, with railroad lines along two of them, shown previously on Figure 2. There is also 
a large nucleus southwest of the main city, about 8 km out from the city edge. Growth is generally 
more intense to the south of the city versus northern growth, with the exception of a strip of growth 
along the coast running north. Metrics characterizing the type of growth occurring in each ring 
shown in Figure 8 are summarized  in Figure 9, developed from Fragstats software.  
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Figure 8: Developed Area in Greater Chennai 
a) August, 1991    b) January, 2000 
 
c) August, 2006 d) February, 2006 
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Figure 9: Urban Area Metrics for Chennai City and Surrounds 
a) Density b) Number of Patches c) Patch Density 
   
d) Mean Patch Size e) Coefficient of Variation f) Largest Patch Index 
   
g) Fractal Dimension h) Edge Density i) Landscape Shape Index (N) 
   
 
Several trends are apparent from Figure 9. As the density of developed land increases in each ring, 
the density of patches decreases, as patches dissolve into one another (See Figure 9 a-c). 
Accordingly, the mean patch size increases, and patch variation drops, as the largest patch in each 
ring takes up an increasing proportion of total land area (See Figure 9 d-f). These trends occur 
similarly, but at different absolute values, in each of the rings, indicating a steady expansion of the 
city outward. Indicators of complexity and aggregation provide nuance to these results. The 
complexity of all rings trend down over time (See Figure 9-g), but complexity is highest in the city 
center and then drops lower than two of the rings by 2006. Similarly, edge density and shape index, 
measures of aggregation, demonstrate an initial high level of disaggregation in the city center (See 
Figure 9 h-i) followed by a trend toward aggregation in recent years. This aligns with the other 
indicators, reinforcing an initially complex center city with a mix of other land uses transforming to 
a fully developed urban center by 2006 with little complexity. While edge density shows little 
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change in outer rings, indicating that no new nuclei are forming, the landscape shape index 
decrease over time, indicating increasing aggregation. The observed urban nuclei likely already 
existed outside of the city by 1990, then, but grew continuously in size over the time period.  
4.2.1 Spatial Trends of Water in Chennai  
Land area covered by water and wetland increased over time in Greater Chennai as well, as shown 
on Figure 10, which groups water and wetland together for examination of aggregate trends. 
Seasonal effects are apparent, with significantly more water areas classified on the monsoon season 
maps, but noticeable differences between the 2006 and earlier maps also appear. Both of the lakes 
within the area examined (Puzhal and Chembarrakkam) appear larger in the 2006 maps, along with 
a greater number of small wetland areas.  
Given the dramatic seasonal differences in water area, metrics describing water bodies are 
separated by season in Figure 11. Both monsoon season and summer season temporal comparisons 
show an increase in the density of water area, while all other indicators show opposite trends 
between seasons. A greater number of patches of decreasing size produce a greater patch density 
over time during the summer season. Conversely, the number of patches and mean patch size 
increase in the monsoon season comparison, leading to a lower patch density. The ring of land 3 to 
10 km from the city edge has the highest patch density and average patch size because it contains 
Lake Puzhal. Conversely, the center city has a significantly lower density and small patch size, as 
expected given its dense development.  Patch densities converge in all rings, however, despite these 
differences. 
These findings may be explained as the result of the stormwater impacts of development. The 
summer season data reveals that constant water bodies and wetlands are increasing in number but 
decreasing in size. As development expands and creates greater areas of impervious surface, 
wetlands and lakes may be broken into smaller pieces. This can occur through physical 
construction on wetlands, or through the redistributive effects of stormwater runoff created from 
impervious surface. Areas that previously appeared barren may contain small wetlands or pools as 
rainwater is prevented from soaking into other areas. This explains the increase in absolute area 
and number of water patches. During the monsoon season, conversely, significantly increasing 
volumes of runoff may lead these numerous smaller patches to combine into larger patches and 
therefore decrease in number.  
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Figure 10: Water and Wetland Areas in Greater Chennai  
a) August, 1991    b) January, 2000 
 
c) August, 2006 d) February, 2006 
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Figure 11: Water Area Metrics for Chennai City and Surrounds 
a) Density b) Number of Patches  
  
 
c) Mean Patch Size d) Patch Density  
  
 
 
 
4.4 Limitations of the Analysis 
Several factors limited the scope and accuracy of this analysis. First, the scenes chosen were 
dictated by the quality and range of dates of NASA satellite data available through the Global 
Visualization Viewer. All datasets (ie Aster and Modis) were considered, but ultimately the dates 
chosen and their corresponding years and seasons drove the comparisons that could be made. An 
examination of several scenes from each year, and several scenes during the same season over time, 
would have made the comparisons more robust. One scene, that of January 2000, still had cloud 
cover that had to be removed during analysis, despite the strict selection method used. Since this 
area was effectively erased, proportional comparisons of land cover for that scene use a slightly 
smaller total area than the remaining three scenes.  
Next, the maximum likelihood classifier used for analysis is not the most accurate approach 
available today. Subpixel, decision-tree, and other mixed methods may have allowed a more 
nuanced differentiation between agricultural, light urban, shrubland, and wetland classes that was 
difficult to achieve with maximum likelihood given their close spectral signatures. Pre-processing, 
in the form of contrast stretching might have spaced signatures enough to allow better 
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differentiation as well, even with the maximum likelihood classifier. Post-processing could have 
also reduced the noise of the data and potentially eliminated unlikely islands of urban development 
classified in rural areas. Despite potential improvements, the user input and iterative refinement of 
training sites required for maximum likelihood classification prevents automation of this method, 
so its use is limited for large-scale classification efforts. 
Ground data verifying training sites could have improved the classification as well, and allowed 
more thorough error-checking post-classification. Dramatic differences in the classification of light 
urban land between seasons indicate that rainfall influenced the classification of all land cover 
categories, not just water and wetland cover as expected. 
Finally, and most importantly, this study addresses changes in the quantity and shape of various 
land cover classes, but does not consider the environmental quality of the land cover types 
observed.  The environmental quality of hydric features like lakes, rivers, and wetlands is arguably 
more important than the quantity, and any policy proposal must jointly focus on both.    
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5.  Conclusions 
5.1 Land Cover Change around Chennai 
This analysis provides insight into the land cover dynamics occurring in the city of Chennai and 
surrounding area. While Ramachandra and Kumar’s study of Bangalore found a drop in both the 
number and overall area of water bodies and wetlands around the city, this study found the 
opposite trend around Chennai (2008). Water and wetland areas increase in the region overall, and 
around small and medium towns throughout. The results of Greater Chennai are most comparable 
to those of the Bangalore study, since the study focused on the metropolitan area itself, and show 
an increase in wetlands, but a slight drop in the area of water bodies. In aggregate, however, the 
average size of hydric features drops in Greater Chennai, while the number of patches increases 
over the longer summer season comparison.  Since the Bangalore study was field checked to water 
bodies in July, the summer season data is more relevant for comparison. 
As mentioned, the increase in water and wetland area may reflect the stormwater impacts of 
development around Chennai. Increasing impervious surface prevents seepage of rainfall and 
redirects it to other areas that may have previously been dry. Thus, increasing wetland areas 
around metropolitan Chennai may imply that a greater number of polluted swamps and ponds are 
forming in place of a smaller number of wetlands providing true ecological value, since stormwater 
runoff from developed areas tends to be polluted. Fragmentation of natural areas also hurts 
biodiversity, since a network of diverse natural areas is required to sustain many species. During 
the monsoon season, Chennai has recently been experiencing more and more flooding, which may 
explain the larger, and fewer, patches seen in the monsoon season comparison. It is only when flood 
areas eventually drain and evaporate that the pattern described above becomes apparent, and 
isolated small patches appear.  
While this theory explains the results of this study, it does not alone account for the difference from 
the findings in Bangalore. First, it should be noted that the absolute area of water bodies in Greater 
Chennai did show a decrease, consistent with the dropping lakes around Bangalore, but that 
classified wetlands increase by a larger area. Chennai’s coastal location may explain this 
discrepancy. Since Bangalore sits 920 meters above sea level, with undulating terrain creating 
catchment areas for lakes, marsh wetlands rather than actual water bodies are less likely 
(Ramachandra & Kumar, 2008). Increasing wetlands in low-lying Chennai, conversely, are expected. 
Since Chennai actually receives more rainfall on average than Bangalore (1,250 mm compared to 
880 mm), and much of that rainfall ends up in wetlands rather than lakes, the effects of increasing 
demand and encroachment on lakes may not show as dramatic a reduction in water bodies as that 
seen in Bangalore. 
Overall, this study has found that urbanization around the city of Chennai and nearby peri-urban 
centers is precipitating land cover change and affecting the hydrography of the region. This 
urbanization is characterized by low-density (in Indian terms) expansion at the periphery of these 
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urban areas replacing agricultural land. The droughts and floods currently affecting the security of 
Chennai’s water supply and displacing some of the most vulnerable populations are likely related to 
these changes, and call for significant attention to stormwater management and watershed 
development planning.  
5.2 Land Cover Classification as a Tool 
While some results of the classifications in this study contain obvious errors, they have proven 
useful for trend analysis. While the method used was not the most advanced in current practice, it 
still matched external data sources around 75% of the time in the error-checking that was possible. 
Many of the trends observed, such as low-density growth around the city periphery, reduction in 
agricultural land, and no significant deforestation are confirmed by the literature.  
Land cover classification of satellite data proves very useful as a tool to examine land cover change 
on a broad scale, particularly when paired with a spatial trend analysis. Without the use of 
Fragstats to understand the spatial dimension of changes in the area of water and wetlands, like the 
number and size of patches and complexity of developed areas, the results of the classification 
would have been minimally useful. Classification is also enhanced with multi-season data, which is 
useful for error-checking classes that should not change seasonally. Such data also captures the 
range of water and wetland areas that exist in a region, rather than their distribution at one point in 
the year only.  
5.3 Areas for Further Study 
While this study represents a good starting point for examining land cover change on the Indian 
coast, it also demonstrates the need for further work in several areas. First, similar work should be 
done along a greater area of the coast covering cities of a variety of sizes, so that changes can be 
correlated to city size or urban form metrics.  Such work could improve upon some of the 
limitations of this study by using more advanced classification methods.  Along with that work, the 
economic, political, or cultural drivers of land cover change should be sought in order to 
recommend policies to mitigate any negative environmental impacts identified.  
Further study focusing on the City of Chennai specifically is also warranted. Given the flooding the 
city is experiencing and the increasing number of water bodies found in this analysis, there is a 
policy need for the inclusion of stormwater management practices in development.  At a larger 
scale, development should be directed away from upstream areas that might lead to further 
inundation of existing low-lying development. Before policy can address this problem, more 
information is needed on the watersheds and hydrology of the city and surrounding area. A future 
study could fill this gap by creating a higher resolution map of water bodies in Greater Chennai 
during the monsoon and summer seasons, using field checking to ensure spatial accuracy.  This data 
could then be connected to a watershed model developed based on the city’s topography and 
rainfall in order to predict water flows and prevent unwanted redirection of those flows.  
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6.0 Appendix 
Table 21: Full Classification Results of All Data, Area (km2) 
Land Cover August, 1991 January, 2000 February, 2006 August, 2006 
Urban 112 263 138 174 
Agriculture 3,781 1,501 3,100 2,350 
Lake 52 231 144 33 
Wetland 217 1,027 1,698 341 
Forest 809 1,287 678 1,554 
Shallow Water 464 43 154 112 
Ocean 0 5 0 1 
Coastline Water 0 3 0 0 
Estuarine 43 513 490 648 
Shallow Lake 198 191 233 213 
Light Urban 779 467 794 1,328 
Barren 1,548 4,069 3,165 1,932 
Shrubland 1,120 807 646 595 
Agriculture 2 2,046 404 344 499 
Agriculture 3 894 1,064 479 2,281 
Clouds 0 186 0 0 
Total 12,062 12,062 12,062 12,062 
 
Table 22: Full Classification Results of Greater Chennai, Area (km2) 
Land Cover August, 1991 January, 2000 February, 2006 August, 2006 
Urban 49 76 91 68 
Agriculture 498 291 446 328 
Lake 20 40 43 23 
Wetland 37 98 179 85 
Forest 87 114 37 267 
Shallow Water 45 9 34 12 
Ocean 0 0 0 1 
Coastline Water 0 0 0 0 
Estuarine 0 88 53 19 
Shallow Lake 0 0 0 0 
Light Urban 180 234 338 415 
Barren 105 15 254 74 
Shrubland 165 101 78 81 
Agriculture 2 332 411 53 109 
Agriculture 3 107 86 19 144 
Clouds 0 63 0 0 
Total 1,625 1,625 1,625 1,625 
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Table 23: Full Classification Results of Buffered Medium Towns, Area (km2) 
Land Cover August, 1991 January, 2000 February, 2006 August, 2006 
Urban 2 24 3 13 
Agriculture 453 185 378 227 
Lake 1 17 15 0 
Wetland 8 120 268 12 
Forest 10 84 5 96 
Shallow Water 25 1 4 11 
Ocean 0 0 0 0 
Coastline Water 0 0 0 0 
Estuarine 0 40 36 68 
Shallow Lake 0 0 0 0 
Light Urban 88 30 57 128 
Barren 190 489 343 251 
Shrubland 127 78 54 33 
Agriculture 2 186 18 15 36 
Agriculture 3 159 142 70 373 
Clouds 0 20 0 0 
Total 1,248 1,248 1,248 1,248 
 
 
Table 24: Full Classification Results of Buffered Small Towns, Area (km2) 
Land Cover August, 1991 January, 2000 February, 2006 August, 2006 
Urban 5 23 4 15 
Agriculture 330 77 297 182 
Lake 2 16 4 0 
Wetland 13 125 140 17 
Forest 76 136 74 157 
Shallow Water 56 4 16 10 
Ocean 0 1 0 0 
Coastline Water 0 0 0 0 
Estuarine 1 44 62 70 
Shallow Lake 1 1 2 1 
Light Urban 86 22 56 93 
Barren 214 479 395 257 
Shrubland 111 63 67 69 
Agriculture 2 205 61 25 40 
Agriculture 3 75 79 34 263 
Clouds 0 44 0 0 
Total 1,176 1,176 1,176 1,176 
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Table 25: Full Classification Results of Buffered Water Bodies, Area (km2) 
Land Cover August, 1991 January, 2000 February, 2006 August, 2006 
Urban 42 70 61 69 
Agriculture 639 374 608 405 
Lake 40 144 80 27 
Wetland 117 215 328 187 
Forest 84 165 39 273 
Shallow Water 215 27 74 45 
Ocean 0 3 0 1 
Coastline Water 0 3 0 0 
Estuarine 36 191 174 192 
Shallow Lake 197 190 232 213 
Light Urban 181 172 272 413 
Barren 251 686 489 310 
Shrubland 216 152 99 120 
Agriculture 2 517 114 163 96 
Agriculture 3 134 126 49 315 
Clouds 0 36 0 0 
Total 2,667 2,667 2,667 2,667 
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